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Homopolymer chain with beads forming pairwise reversible bonds is a well-known model in polymer physics.
We studied kinetics of homopolymer chain collapse, which was induced by pairwise reversible bonds formation.
We compared kinetic mechanism of this coil-globule transition with the mechanism of collapse in a poor sol-
vent. We discovered, that coil-globule transition occurs sufficiently more homogeneously on different scales, if
collapse is induced by pairwise reversible bonds formation. This effect leads to formation of transient structures,
which are not similar to the classical pearl-necklace conformations formed during collapse in a poor solvent.
However, both types of collapse lead to formation of a metastable state of crumpled globule, which is one of
the well-known models of interphase chromatin structure in different organisms. Moreover, we found out that
stability and dynamics of this state can be controlled by fraction of reversible bonds and bond lifetime.
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2I. INTRODUCTION
Kinetics of coil-globule transition in a homopolymer chain is one of the unsolved problems in the modern polymer physics.
This issue is closely related to the problem of protein folding [1, 2], as well as chromatin structure description. There is ex-
perimental evidence of two-stage process of coil-globule transition in a poor solvent [3–5]. Moreover, various scaling and
self-consistent field theories describe the process of homopolymer chain collapse in a poor solvent [1, 6–9]. There are different
computer simulation studies on that topic as well [2, 6, 7, 10–12]. The aforementioned research suggests that a homopolymer
chain forms blobs on a local scale (i.e. pearl-necklace structure [9]) on the early stages of collapse. Blobs grow in size con-
tinuously, merging together, and the chain collapses globally. However, size distribution of blobs during collapse under active
compression can be very nontrivial [12]. It is also unclear how chain structure changes in time inside blobs during collapse, and
theoretical works do not describe this evolution. It was suggested, that the partially mixed crumpled globule is stabilized on a
large scale by topological constraints [11–13] after global collapse of the chain. Regulation of stability of the crumpled globule
steady-state is also an important unsolved problem [10, 11]. Cross-links may stabilize crumpled globule state [10].
Crumpled globule is a well-known model of chromatin packing in cell nucleus. Spatial chromatin structure can be charac-
terized by the probability of finding two loci spatially close to each other, depending on the genomic distance between the loci,
P(s). This method became popular after Hi-C technique invention [14]. It was revealed that chromatin is packed hierarchically:
on a scale of several thousand base pairs domain-like structures (topologically associating domains, or TADs) are formed [15].
In most species on a larger scale TADs form compartments, which segregate into active and inactive parts [15–17]. Moreover,
P(s) dependencies appeared to be significantly different for various species and cell types [14, 17–20] (Fig. S11). This may
indicate different spatial organization of chromatin. There is evidence of crumpled globule model applicability for chromatin
structure description on submegabase scale [14, 15, 21, 22], as well as subdiffusion exponent prediction in various organisms
[23–25]. However, it is a challenge to obtain a long-living crumpled globule state: collapse of a chain, induced by the artificial
gravitation-like potential [26] or collapse in a very poor solvent [11] seems unrealistic. Fractal globule state observed in Strings
and Binders Switch (SBS) model [20] exists in a narrow range of binder concentrations, and therefore it is unstable to fluctu-
ations. There were attempts to describe large-scale chromatin structure by the block copolymer models with different types of
interactions [20, 27, 28]. However, dynamical behavior of the aforementioned models remains obscure. There is a distinct class
of active matter-based models of chromatin organization as well [29–31]. These models explain several non-trivial dynamical
effects, presumably connected with active noise [25]. However, there is experimental evidence that active noise affects only
apparent diffusion coefficient of loci motion, but subdiffusion exponent remains unchanged [25]. Active matter-based models
are focused mostly on description of dynamical behavior of polymers in active medium, but conformational properties of the
model chains are not studied in detail. Therefore, the problem of large-scale chromatin structure description remains unsolved.
In this work, we describe a method, which allows to compare kinetic mechanisms of collapse induced by different types
of intrachain interactions. We applied this method to compare collapse mechanisms from an initially swollen and spatially
confined chain, see Fig. 1. Two types of collapse have been studied: collapse induced by pairwise reversible bonds formation
in athermal solvent and collapse in a poor solvent. Coil-globule transition induced by pairwise reversible bonds formation was
first described by I.M. Lifshitz et al. [32]. However, kinetics of collapse, as well as possible metastable transient structures, have
not been described in the literature yet. We have discovered differences in kinetic mechanisms of collapse in poor solvent and
coil-globule transition induced by pairwise reversible bonds formation. Strikingly, we have observed formation of a steady-state
similar to the crumpled globule in both cases. We have also described effect of pairwise reversible bonds presence on dynamics
inside crumpled globule and equilibrium globule to assess stability of the steady-state. Based on our results, we propose a novel
simple model of large-scale chromatin organization.
II. METHODS
We used Dissipative Particle Dynamics (DPD) method to perform simulations. DPD is a mesoscale molecular dynamics
with explicit solvent and soft potential for the conservative force. One of the most important features of DPD method is that it
conserves hydrodynamic interactions, which may affect dynamics of collapse in a poor solvent [7, 8]. Moreover, DPD conserves
momentum, which can also affect dynamics of a polymer chain [33]. We do not describe this method in detail, more information
about DPD can be found in Ref. [34]. We only note here, that we added one more conservative force, describing chain
connectivity of beads:
−→
F bi j = −K(ri j− r0) ˆri j, here K is the spring constant (bond stiffness) and ri j is the distance between i-th
and j-th bead in the chain, r0 is the equilibrium bond length, and ˆri j =−→r i j/ri j (−→r i j is the vector, pointed from the center of i-th
bead to the center of j-th bead). We emphasize that there is no angle potential in the chain.
We studied a homopolymer chain (length N = 2×104 beads) in athermal solvent (which corresponds to zero Flory-Huggins
parameter, χ , or, equivalently, self-avoiding walk (SAW) in 3D space). We calculated χ value as χ = 0.306× (ai j− aii) (Ref.
[34]). Repulsion coefficients between solvent (type 1) and polymer beads (type 2) ai j, i, j = 1,2, were chosen to meet the
criterion χ = 0, and to make chain non-phantom [35] (ai j = 150, i, j = 1,2, equilibrium bond length r0 ≈ 0.6). To forbid
3FIG. 1: General overview of the systems under study. Both System with Pairwise Bonds (SPB) and System in a Poor Solvent
(SPS) collapse to a similar steady crumpled globule state, but the intermediate conformations are considerably different.
self-intersections of the chain, we also set large bond stiffness parameter K = 150.0, as described in Ref. [35]. Therefore,
using such parameters of repulsion and bond stiffness, we are able to reproduce effects connected with topological constraints
correctly. Simulation box with impermeable boundaries was chosen to be a cube of 52× 52× 52 DPD units, so the polymer
concentration was n≈ 0.06 (DPD density ρ = 3 particles per unit volume). We decided to use simulation box with impermeable
boundaries for several reasons. As we discuss in Results section, collapse induced by pairwise bonds formation is relatively
slow. On the other side, if there are periodic boundary conditions (PBC), "ghost" beads repulse from "real" beads. This effect
can be avoided only by choosing a very large simulation box. However, it is impossible to simulate a long chain in a very large
simulation box due to explicit solvent presence (number of particles grows as the third power of the simulation box linear size).
If collapse is rapid, we can neglect this nonphysical repulsion between “ghost” and “real” beads. However, if we study a slow
collapse from a swollen state, there is sufficient time for the chain to affect its own conformation and dynamics. Therefore, we
should take into account, how chain affects its own structure through PBC. This is a very challenging task, so we implemented
a simpler solution: to use impermeable boundaries in the large enough simulation box. The polymer concentration was chosen
to be low enough to let the chain swell in athermal solvent (Fig. 1, 2, 4). Structure of such a confined swollen state is well
described by scaling theory of semi-dilute solutions, we discuss it later in Methods. Additionally, since our study is connected
with chromatin organization description, it is natural to study processes in a confined space, because chromosomes are confined
in a cell nucleus. Information about other simulation parameters can be found in Supporting Information. We studied the process
of collapse induced by pairwise bonds formation in the system described above. Pairwise reversible bonds, which are described
by the potential for chain connectivity, can be formed with certain probability between any non-neighboring beads, which are
spatially closer, than cutoff radius, Rc = 1. The detailed description of the algorithm of bond formation and breaking is given
in Supporting Information. We note here that neglecting energy contribution in bond formation mechanism does not affect
quantities measured in this work due to effective local thermostat in DPD (see Supporting Information for details). We define
Nst p as the number of DPD time steps between calculation of formation/breaking of bonds. It was equal to 200 DPD time steps
in all our simulations. The average lifetime of a bond (hereafter: "bond lifetime") is calculated as the ratio τ = Nst p/β , where
β is the probability of breaking a bond. To vary the bond lifetime, we varied β . Further we call this type of systems as System
with Pairwise Bonds (SPB). Probabilities of bond formation and breaking set the time-averaged number of bonds formed inside
the chain. We denote fraction of beads, which formed reversible bonds, as f . Hereafter we name this quantity as "fraction of
bonds" for simplicity.
We compared results for SPB with the process of collapse of the identical chain, placed in a poor solvent. Monomer-monomer
and solvent-solvent repulsion parameters aii (i = 1,2) were set as in SPB, but monomer-solvent repulsion was increased. We
4studied behavior of this system in a weak poor solvent (χ ≈ 1.5) and in a very poor solvent (χ ≈ 10), so the monomer-solvent
repulsion parameters were increased up to a12 = a21 = 154.5 and a12 = a21 = 183.0, respectively. Other simulation parameters
were set as in SPB. Further we call this system as System in a Poor Solvent (SPS).
Initial conformation from which the simulations started in SPB and SPS, was a swollen chain in athermal solvent inside the
box with impermeable boundaries. To generate this structure, we placed chain with initially Gaussian statistics in athermal
solvent conditions, and equilibrated the structure for 2.4× 107 DPD time steps. We calculated Rouse time in good solvent τR
to validate this simulation time. Mean-squared displacement of a bead MSD(t) ∝ t2/(2+dF ), where dF is the fractal dimension
of the chain [21] for Rouse subdiffusion regime. For a chain in athermal solvent dF ≈ 5/3, therefore, MSD(t) ∝ t6/11 and the
Rouse time of the chain in good solvent is τR = τ0N2.2. From MSD(t) measurements we obtained τ0 ≈ 700 - number of DPD
time steps, sufficient for a bead diffusion on its size. Hence, the number of beads in a subchain, which has the Rouse time
τR = 2.4×107, is Ns ≈ 100. This value has the same order of magnitude as the average number of beads inside a concentration
blob in our system, Nconc.blob ∝Φ−5/4 ≈ 230 (Φ= n×a3 – volume fraction of polymer, n is the concentration and a≈ 0.6 is the
size of a bead) [36]. Due to screening of volume interactions, spatially confined chain in athermal solvent is effectively Gaussian
on a scale larger, than the concentration blob scale. Therefore, equilibration of a Gaussian chain for 2.4×107 DPD time steps is
sufficient for formation of a fully equilibrated swollen chain in athermal solvent in a box with impermeable boundaries.
We developed the following method for studying kinetics of coil-globule transition. Let us consider dependencies of the
average spatial distance between beads, separated by s monomers (R(s)), after t DPD time steps passed after the start of the
simulation (we used 5 different initial conformations to obtain 5 R(s) dependencies for each t, and built the averaged dependency,
Fig. 2). We see, that it is hardly possible to make conclusions and compare the processes of collapse, basing only on these
plots. Therefore, we built linear approximations in log-log scale for each R(s) dependency. This was made on the two scales:
s ∈ [10,50], further called "local" scale, and s ∈ [200,500], further called "global" scale. We obtained information about how the
scaling factor αL in R(s)∝ sαL on the "local" scale, and the αG in R(s)∝ sαG on the "global" scale change with time (Fig. 3, S8).
We determined αL and αG for each of the 5 R(s) dependencies for a given t. Then we plotted the average value and standard
deviation of the scaling factors (Fig. 3, S8). Classical pearl-necklace mechanism describes chain collapse as sequential merging
of collapsed "blobs". Therefore, if the pearl-necklace mechanism is realized, the chain collapses first on the "local" scale, and
after this collapses on the "global" scale, and the time evolution of αL and αG has a characteristic shape (Fig. 3a, S8a). We
compared, how R(s) scaling depends on time on both scales during the two types of coil-globule transition: induced by pairwise
bonds formation in athermal solvent and in a poor solvent. We chose the aforementioned values for "local" and "global" scale,
based on our previous research on the coil-globule transition in a very poor solvent [11] and the following reasons.
First, we explain our choice of the "local" scale. Initially, chain has equilibrated structure of a swollen chain in athermal
solvent, confined in a box with impermeable boundaries. Basic scaling theory suggests, that a single homopolymer chain in a box
with impermeable boundaries forms semi-dilute solution of subchains, lying between the boundaries, if polymer concentration
is much less than unity [36]. The polymer concentration, chosen in the SPS and SPB, n ≈ 0.06, satisfies the aforementioned
condition. Therefore, similarly to the semi-dilute solution, there are three characteristic scales in the initial swollen state:
concentration blob (R(s) ∝ s3/5), effectively Gaussian subchain (R(s) ∝ s1/2, this scaling is clearly seen between "local" and
"global" scales in the initial conformation (Fig. 2, 4), and the scale, where all linear correlations along the chain are vanished
after reaching the impermeable boundaries of the simulation box (R(s) ∝ s0, Fig. 2, 4). Number of beads per concentration blob
scales as Φ−5/4 (Φ−5/4 ≈ 230 in SPB and SPS). Therefore, αL has a theoretically predicted value, close to αL ≈ 3/5 = 0.6 on
the "local" scale prior to the collapse (Fig. 3, S8). Collapse of a homopolymer chain in a poor solvent starts with nucleation:
formation of dense "blobs" along the chain [2]. As dense "blobs" grow, the exponent αL decreases. The value of the exponent
reaches its minimum, when "blobs" have large enough size. Along with collapse, chain starts to locally expand in the already
collapsed "blobs" (in other words, the chain starts to "mix"): polymer chain tends to form Gaussian conformations in polymer
environment due to Flory theorem. The minimum value of αL depends on how fast mixing occurs, and is lower in the chains with
slow mixing with respect to collapse. After αL reaches its minimum, it increases due to mixing in the already collapsed "blobs"
up to the maximal value αL = 1/2, corresponding to the equilibrium globule state. Theoretical studies and computer simulation
results show [11–13, 16], that chain segments, which form distinct blobs, remain segregated for a relatively long time and can
not freely mix immediately after coagulation of blobs due to topological constraints. This happens because chain can not cross
itself, and there are no open chain ends (except the two terminal ends), as in the polymer solution of many chains. Topological
constraints, however, start to influence dynamics of the chain segments on the scale larger, than some characteristic length ξ ,
analogical to the tube diameter in linear chain solutions [37, 38]. SPS in a very poor solvent is similar to the system studied in
the work [11], therefore, characteristic maximum length of a polymer segment, which behavior is not affected by topological
constraints, is Nξ ≈ 50 beads in SPS and SPB. Therefore, it is convenient to study evolution of the exponent of R(s) dependency
on the scale s < Nξ to obtain information about structural evolution of unstable "blobs", i.e. about interplay between chain
mixing and collapse on the local scale, without influence of topological constraints between non-phantom segments of the same
chain. We note, however, that due to effective excluded volume of chain beads, the beginning of R(s) dependency is steeper,
than the remaining dependency. This behavior is universal for all studied chains (Fig. 2, 4) up to the scale s≈ 10. Therefore, it
is natural to describe evolution of the local structure of the chain by the exponent αL in the dependency R(s) ∝ sαL , determined
on the scale s ∈ [10,50].
5Second, we determined the "global" scaling factor αG to characterize kinetics of collapse on a scale s>Nξ , where topological
constraints start to affect mixing process. Plateau in R(s) dependency in equilibrium globule roughly starts at s ≈ 200 scale
(Fig. 2, 4). Therefore, it is convenient to determine αG on the scale s > 200, because αG ≈ 0 in the equilibrium globule state.
Therefore, if αG is sufficiently larger than zero, and this behavior is stable in time, we observe formation of a metastable non-
equilibrium structure. We can see, that impermeable boundaries start to affect the R(s) dependencies in the initial swollen state
on the scale s≈ 500 (Fig. 2, 4). Hence, αG value before collapse is slightly smaller than the expected value 1/2, which should
be observed in the semi-dilute solution (Fig. 3, S8).
We also studied effect of pairwise reversible bonds presence on subdiffusion inside crumpled globule (CG) and equilibrium
globule (EG). To obtain the CG and EG, we first generated fractal and equilibrium globule structure as a single Moore curve and
a random walk, respectively. Number of beads in CG and EG is N = 32768, each globule was placed in a simulation box with
impermeable boundaries sized 21.4942×21.4942×21.4942 DPD units (it means, polymer concentration is n≈ 1, DPD density
ρ = 3 particles per unit volume). Then we annealed the generated structure for t0 = 4× 107 DPD time steps. The structure
relaxes after annealing, but t0 is small enough, and the crumpled globule can not form knots [21]. After the aforementioned
procedure we measured MSD(t) - the time dependency of mean-squared displacement of a bead. Exact procedure of MSD(t)
calculation is given in the Supporting Information.
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FIG. 2: R(s) dependencies after t DPD time steps: a) SPS in a very poor solvent (χ ≈ 10); b) SPB in athermal solvent with
maximal fraction of bonds f ≈ 1, bond lifetime τ = 5×104 DPD time steps. Green and black dotted lines represent
dependencies for Gaussian (equilibrium) melt and Moore curve, respectively. R(s) dependency for fully equilibrated globule is
shown by the blue dotted line. Thin straight solid lines are for eye guide: black and green line represents R(s) scaling for the
fractal globule and Gaussian (equilibrium) melt, respectively. Chain length N = 2×104.
III. RESULTS
A. Kinetics of coil-globule transition
First we studied kinetics of collapse in a poor solvent (SPS) as a reference case. We present results for a chain behavior in a
very poor solvent in the Manuscript (χ ≈ 10, Fig. 2a, 3a) and in a weak poor solvent in the Supporting Information (χ ≈ 1.5,
Fig. S8a). As we expected, collapse of the chain in a poor solvent follows the pearl-necklace mechanism. The chain tends to
form "blobs" on the "local" scale, as described in Ref. [11]. Hence, after small increase αL decreases and reaches its minimal
value (i.e. the chain becomes fully collapsed on the scale s<Nξ ) on the time scale t ∝ 104 DPD time steps in a very poor solvent
and on the time scale t ∝ 105 DPD time steps in a weak poor solvent. As chain collapses on the local scale, it starts to resemble
a swollen chain on the large scale, as predicted by the pearl-necklace model of collapse in a poor solvent. Therefore, we observe
increase of the exponent αG on the "global" scale. As we see, chain remains swollen up to t ∝ 104 DPD time steps in a very poor
solvent and up to t ∝ 105 DPD time steps in a weak poor solvent on the "global" scale (Fig. 3a, S8a). Then the chain collapses
on the "global" scale: αG decreases. Therefore, classical pearl-necklace mechanism of collapse is observed: chain collapses first
on a small scale, and only then it collapses on a larger scale. Typical conformations of the chain prior to the collapse on the
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FIG. 3: "Local" (αL) and "global" (αG) R(s) scaling exponents for System in a Poor Solvent (SPS, χ ≈ 10, Figure a) and
System with Pairwise Bonds (SPB, fraction of bonds f ≈ 1, bond lifetime τ = 5×104 DPD steps, Figure b), depending on the
time passed since simulation started.
"global" scale are included in the Fig. 3a, S8a, demonstrating classical pearl-necklace structures. It is worth to mention, that
sufficiently large stable αG value is observed after collapse (Fig. 3a, S8a). Therefore, metastable crumpled globule state forms,
as described in [11].
Then we studied collapse, induced by pairwise bonds formation (SPB). As we see from Fig. S9, radius of gyration of the
chain in the SPB decreases with increase of the average fraction of bonds, coil-globule transition occurs roughly at f ≈ 0.3. First
we studied kinetics of coil-globule transition of the chain with maximal fraction of bonds f ≈ 1 (probability of bond formation
= 1), bond lifetime was set to τ = 5×104 DPD time steps (probability of bond breaking β = 0.004), which corresponds to the
maximum influence of pairwise bonds. Fraction of bonds is approximately equal to its equilibrium value roughly after 2×103
DPD time steps passed after bond formation started (Fig. S10a). However, the chain remains almost swollen on both "local"
and "global" scale: chain can not collapse during relatively fast bonds formation after 2×103 DPD time steps. Hence, collapse
in such a system is induced by rearrangement of reversible bonds, followed by the gradual collapse of the chain. Figures 2b, 3b
demonstrate, that first slight collapse on a "local" scale and increase of αG up to t ≈ 4× 104 DPD time steps occurs similarly
to collapse in a poor solvent. However, after that αG reaches plateau, and after t ≈ 3× 105 DPD time steps starts to decrease
simultaneously with αL. This means, that prior to the collapse on the "global" scale chain is not fully collapsed on the "local"
scale and does not resemble the pearl-necklace structure (Fig. 3b). Collapse on the scale s < Nξ occurs simultaneously with
collapse on the much larger scale. This situation is not observed for collapse in a poor solvent and is not typical for pearl-necklace
mechanism of collapse. After t ∝ 106 DPD time steps chain is fully collapsed on the "local" scale, and is sufficiently collapsed
on the "global" scale, in contrast to the collapse in a poor solvent. After that chain starts to mix on the "local" scale, therefore,
αL starts to increase slowly. At the end of simulation time SPB formed a long-living crumpled globule state very similar to SPS
case with the value αL ≈ 0.4 and αG ≈ 0.3, compare the red and the dashed line in Fig. 4.
In addition we studied kinetics of collapse in SPB, induced by reversible bonds formation with larger lifetime τ = 5× 105
DPD time steps (β = 0.0004), f ≈ 1. Bond rearrangement is slowed down stronger, as bond lifetime is increased,. Therefore,
full collapse on the "local" scale occurs on the time scale up to t ∝ 8× 107 steps (Fig. S8b). Collapse on the "global" scale
slows down as well, but again proceeds simultaneously with collapse on the "local" scale, as previously described. Moreover,
this effect is even stronger, than in the SPB with bond lifetime τ = 5×104 DPD time steps: R(s) exponent on the "global" scale
never exceeds the αL value and decreases simultaneously with αL much longer.
Finally, if probability of bond formation is set to 0.001 and bond lifetime is τ = 5× 104 DPD time steps, the equilibrium
fraction of bonds f ≈ 0.55 is reached after t ≈ 2× 106 DPD time steps (Fig. S10b). This is a very "soft" regime of collapse.
Collapse is still induced by reversible bonds formation, but the mechanism of collapse is not based only on rearrangement of
reversible bonds, but also on gradual increase of the fraction of reversible bonds in time. The effect of simultaneous collapse
on the "local" and "global" scale is also observed (Fig. S8c). Snapshot of a typical chain conformation prior to collapse on
the "global" scale illustrates the absence of pearl-necklace conformation. On the large time scale chain reaches the metastable
globular state, similar to crumpled globule, as in the previously discussed cases.
We also analyzed probabilities of beads contact, depending on the separation along the chain, P(s) (full information about P(s)
7calculation is given in the Supporting Information). This is the simplest representation of data on chromosome conformations
in typical Hi-C biological experiments. We studied the P(s) dependency in the steady-state regime, after t = 8×107 DPD time
steps. Similar to the R(s) dependencies, we used 5 initial conformations to obtain 5 P(s) dependencies for each state, and plotted
the averaged data, Fig. 5. We see, that the P(s) scaling in the steady-state is very similar to the P(s) ∝ s−1 dependency for the
fractal globule [14]. The structure is slightly mixed on the "local" and on the "global" scale, and the P(s) slope in the log-log
scale appears to be somewhat smaller, than −1, but much larger than −1.5 on the "local" scale and much smaller than 0 on the
"global" scale, as in equilibrium globule (Fig. 5). The structure with less fraction of bonds is mixed stronger, but is still far from
reaching the P(s) dependency for equilibrium globule. Therefore, P(s) dependency confirms, that the metastable state, forming
after collapse in a very poor solvent and in the SPB (bond lifetime is τ = 5×104 DPD time steps), resembles crumpled globule
state.
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8B. Dynamical properties
As a result of the previous section, we observed, that a homopolymer chain forms a non-equilibrium metastable state, similar
to crumpled globule during coil-globule transition. In this section we studied, how presence of pairwise reversible bonds affects
subdiffusion in two compact states: Crumpled Globule (CG) and Equilibrium Globule (EG).
First, we chose CG and EG without bonds as reference states, and measured MSD(t) dependencies in both globules (black
lines, Fig. 6). We see, that EG behaves dynamically as predicted by the tube model [36] due to the presence of knots in
equilibrium globule [39, 40]. CG behaves dynamically according to the modified Rouse model in fractal globules [21]. Then
we studied subdiffusion in both states with maximal fraction of bonds ( f ≈ 1) of two lifetimes τ = 5× 104 and τ = 5× 105
DPD time steps (Fig. 6a). We see, that subdiffusion in both globules is "frozen" on the time scale shorter than bond lifetime. In
other words, MSD(t) dependencies for CG with reversible bonds and with "fixed" bonds coincide (to "fix" bonds, we switched
off formation and breaking of bonds in CG after 2× 104 DPD time steps and measured dynamics in this "frozen" system, see
dotted lines in Figures 6a, 6b). However, on the time scale larger, than bond lifetime, dynamical behavior is well described by
Rouse model in both EG and CG. In other words, dynamic behavior of CG and EG with f ≈ 1 is similar to subdiffusion in the
CG and EG without bonds, respectively, on the time scale larger than bond lifetime. We could not reach MSD(t) ∝ t0.38 and
MSD(t) ∝ t0.25 scaling regimes for CG and EG with f ≈ 1, respectively, due to computational restrictions.
Second, we analyzed, how dynamical behavior in the crumpled globule state changes with f . We measured MSD(t) for CG
with f ≈ 0.64, bond lifetime equal to τ = 5× 104 DPD time steps (Fig. 6b). We observed that on the time scale shorter than
bond lifetime subdiffusion coincides with MSD(t) for CG with "fixed" bonds and varies with f . Dynamics becomes faster as
the fraction of bonds decreases. We suppose, that dynamics in such systems depends on the average density of reversible bonds
on the time scale shorter than the bond lifetime. Density of bonds is directly related to fraction of bonds, and controls the bead
motion damping rate. Decrease of f leads to decrease in damping rate, and, therefore, to increase of average bead mobility.
Dynamical behavior of CG on the time scale larger, than bond lifetime, does not depend on f and it is well described by Rouse
model.
Our results on subdiffusion in compact states with presence of pairwise reversible bonds may be used to assess the stability of
the crumpled globule formed during coil-globule transition. Increase of bond lifetime and fraction of bonds leads to hampered
subdiffusion on the larger time scale. Therefore, it results in slower mixing of the chain. Hence, we suggest, that existence time
of the aforementioned metastable state can be controlled by the fraction of bonds and bond lifetime.
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FIG. 6: MSD(t) in Crumpled Globule (CG), solid lines, and for Equilibrium Globule (EG), dashed lines. Figures (a) and (b)
demonstrate the influence of bond lifetime and fraction of bonds, respectively, on subdiffusion. Red and blue vertical dashed
lines represent bond lifetime τ = 5×104 and τ = 5×105 DPD time steps, respectively. Green and red dotted lines represent
MSD(t) for CG with bond formation/breaking switched off after t = 2×104 DPD time steps; fraction of bonds is f ≈ 0.64 and
f ≈ 1, respectively. Thin solid lines represent exact linear fitting of MSD(t) dependency on the given time scale.
9IV. DISCUSSION
In this work we have studied structure of transient states in coil-globule transition induced by pairwise reversible bonds
formation. We found out that this type of collapse was not kinetically similar to collapse in a poor solvent. We stress that
this difference is observed due to finite bond lifetime in the SPB. Finite bond lifetime leads to slow rearrangement of pairwise
bonds, so the chain relaxes between two consecutive rearrangements. The absence of the chain relaxation during collapse is
crucial for pearl-necklace structure formation. Increase of the bond lifetime prolongs the relaxation of the chain between bond
rearrangements. Therefore, collapse on the "global" scale occurs simultaneously with collapse on the "local" scale. Decrease of
equilibrium fraction of bonds in the chain does not affect the qualitative picture. The transient structures formed prior to collapse
on the "global" scale are still not of the pearl-necklace type. Therefore, difference in coil-globule transition kinetics is controlled
by the type of interaction between beads.
In addition we found out, that steady-state collapsed states were very similar in both types of coil-globule transitions under
study. The steady-state resembles crumpled globule state, which is one of the well-known models of interphase chromatin
structure in different biological species. Stability of this state can be controlled by fraction of bonds and bond lifetime, as it was
initially suggested in the work [10].
As we mentioned in Introduction, different models are aimed to describe different scales and properties of chromatin. There
is a well-defined border between inter-TAD and intra-TAD chromatin organization: P(s) scaling inside TADs is significantly
different from P(s) on a larger scale [17, 41]. We propose here a novel model for large-scale chromatin organization. We choose
TAD as a basic interacting unit. We describe chromatin as a coarse-grained flexible homopolymer chain in athermal solvent. One
bead in our model chain roughly represents a single TAD. The reversible bonds are treated as relatively long-living inter-TAD
contacts (we consider them as pairwise interactions and neglect triple and more complex inter-TAD contacts). There are several
biological mechanisms underlying this interactions, for example non-acetylated histone H3 tail forming a complex with acidic
region on H2A-H2B histone dimer [42], or interactions through insulator proteins, such as cohesin [43, 44]. We emphasize
the reversible pairwise nature of the aforementioned interactions, so we introduce this type of bonds in our model. In general,
pairwise reversible interactions are abundant in all living systems: sulfide bridges and hydrogen bonds play important role in
protein folding and DNA double-stranded structure formation. There are a lot of mechanisms of pairwise reversible interactions
in chromatin, depending on the type of chromatin [28].
P(s) ∝ s−1 behavior, which is characteristic of our steady-state crumpled globule state (Fig. 5) was observed in mammals
and Drosophila (Fig. S5) [16, 20]. Also in the work [15] the transition from R(s) ∝ s0.33 to R(s) ∝ s0.2 was observed on the
≈ 7Mbp scale, similarly to the R(s) behavior in crumpled globule state (Fig. 4). Similar R(s) scaling was observed in human
male fibroblast cells [45]. By changing the number and lifetime of pairwise reversible inter-TAD contacts, one can reproduce
different dynamical properties of chromatin on a small time scale. On a large time scale, MSD(t) ∝ t0.4 dependency is observed
in different biological species [23–25] (Fig. 6). Our crumpled globule state exists in a rather wide range of the fraction of bonds
( f ∈ [0.55;1]), therefore, the model is resistant to fluctuations of parameters. Moreover, MSD(t) measurements suggest (Fig. 6),
that stability of the crumpled globule state, formed after collapse in SPB, can be controlled by two parameters: fraction of bonds
and bond lifetime. Therefore, the suggested model is more or less universal and can explain several slightly different genome
organizations in various biological species.
We could not reproduce ensemble-averaged experimental Hi-C maps with our homopolymer chain based model, because
we neglected the difference between interactions of different types of chromatin [28]. Moreover, rather simple confinement
conditions in our model can not reproduce effects, connected with sophisticated lamina structure, for example, tethering of
a chromosome at specific cites [46]. Development of the heteropolymer model with pairwise reversible bonds of different
types, which can lead to the microphase separation, as well as to formation of the active and inactive chromatin compartments
[15, 17, 47], and to effects connected with lamina structure, is on the way [27, 48] and is the matter of our next study.
V. ACKNOWLEDGMENTS
We thank M.V. Tamm for fruitful discussions and comments, A.A. Gavrilov for providing DPD computer code and A.A.
Galytsyna for the experimental data and useful remarks. The research of Pavel Kos and Artem Petrov is supported partly by
Skoltech Systems biology fellowship and grant from the Foundation for the advancement of theoretical physics “Basis”. The
reported study was funded by RFBR according to the research project # 18-29-13041.
10
VI. REFERENCES
[1] V. G. Rostiashvili, N.-K. Lee, and T. A. Vilgis, The Journal of chemical physics 118, 937 (2003).
[2] A. Lappala and E. M. Terentjev, Macromolecules 46, 1239 (2013).
[3] B. Chu, Q. Ying, and A. Y. Grosberg, Macromolecules 28, 180 (1995).
[4] J. Xu, Z. Zhu, S. Luo, C. Wu, and S. Liu, Physical review letters 96, 027802 (2006).
[5] X. Ye, Y. Lu, L. Shen, Y. Ding, S. Liu, G. Zhang, and C. Wu, Macromolecules 40, 4750 (2007).
[6] C. F. Abrams, N.-K. Lee, and S. Obukhov, EPL (Europhysics Letters) 59, 391 (2002).
[7] N. Kikuchi, J. Ryder, C. Pooley, and J. Yeomans, Physical Review E 71, 061804 (2005).
[8] Y. A. Kuznetsov, E. Timoshenko, and K. Dawson, The Journal of chemical physics 104, 3338 (1996).
[9] A. Halperin and P. M. Goldbart, Physical Review E 61, 565 (2000).
[10] R. D. Schram, G. T. Barkema, and H. Schiessel, The Journal of chemical physics 138, 224901 (2013).
[11] A. Chertovich and P. Kos, The Journal of chemical physics 141, 134903 (2014).
[12] G. Bunin and M. Kardar, Physical review letters 115, 088303 (2015).
[13] A. Y. Grosberg, S. K. Nechaev, and E. I. Shakhnovich, Journal de physique 49, 2095 (1988).
[14] E. Lieberman-Aiden, N. L. Van Berkum, L. Williams, M. Imakaev, T. Ragoczy, A. Telling, I. Amit, B. R. Lajoie, P. J. Sabo, M. O.
Dorschner, and et al., Science 326, 289 (2009).
[15] S. Wang, J.-H. Su, B. J. Beliveau, B. Bintu, J. R. Moffitt, C.-t. Wu, and X. Zhuang, Science , 8084 (2016).
[16] J. D. Halverson, J. Smrek, K. Kremer, and A. Y. Grosberg, Reports on Progress in Physics 77, 022601 (2014).
[17] T. Sexton, E. Yaffe, E. Kenigsberg, F. Bantignies, B. Leblanc, M. Hoichman, H. Parrinello, A. Tanay, and G. Cavalli, Cell 148, 458
(2012).
[18] Y. Zhang, R. P. McCord, Y.-J. Ho, B. R. Lajoie, D. G. Hildebrand, A. C. Simon, M. S. Becker, F. W. Alt, and J. Dekker, Cell 148, 908
(2012).
[19] H. Wong, H. Marie-Nelly, S. Herbert, P. Carrivain, H. Blanc, R. Koszul, E. Fabre, and C. Zimmer, Current biology 22, 1881 (2012).
[20] M. Barbieri, M. Chotalia, J. Fraser, L.-M. Lavitas, J. Dostie, A. Pombo, and M. Nicodemi, Proceedings of the National Academy of
Sciences 109, 16173 (2012).
[21] M. V. Tamm, L. I. Nazarov, A. A. Gavrilov, and A. V. Chertovich, Physical review letters 114, 178102 (2015).
[22] S. Shinkai, T. Nozaki, K. Maeshima, and Y. Togashi, PLoS computational biology 12, e1005136 (2016).
[23] I. Bronstein, Y. Israel, E. Kepten, S. Mai, Y. Shav-Tal, E. Barkai, and Y. Garini, Physical review letters 103, 018102 (2009).
[24] E. Kepten, I. Bronshtein, and Y. Garini, Physical Review E 87, 052713 (2013).
[25] S. C. Weber, A. J. Spakowitz, and J. A. Theriot, Proceedings of the National Academy of Sciences 109, 7338 (2012).
[26] L. A. Mirny, Chromosome research 19, 37 (2011).
[27] S. V. Ulianov, E. E. Khrameeva, A. A. Gavrilov, I. M. Flyamer, P. Kos, E. A. Mikhaleva, A. A. Penin, M. D. Logacheva, M. V. Imakaev,
A. Chertovich, and et al., Genome research 26, 70 (2016).
[28] D. Jost, P. Carrivain, G. Cavalli, and C. Vaillant, Nucleic acids research 42, 9553 (2014).
[29] N. Ganai, S. Sengupta, and G. I. Menon, Nucleic acids research 42, 4145 (2014).
[30] H. Vandebroek and C. Vanderzande, Physical Review E 92, 060601 (2015).
[31] D. Osmanovic´ and Y. Rabin, Soft matter 13, 963 (2017).
[32] I. M. Lifshits, A. Y. Grosberg, and A. R. Khokhlov, Zhurnal Eksperimentalnoi I Teoreticheskoi Fiziki 71, 1634 (1976).
[33] C. Pastorino, T. Kreer, M. Müller, and K. Binder, Physical Review E 76, 026706 (2007).
[34] R. D. Groot and P. B. Warren, The Journal of chemical physics 107, 4423 (1997).
[35] P. Nikunen, I. Vattulainen, and M. Karttunen, Physical Review E 75, 036713 (2007).
[36] P.-G. De Gennes and P.-G. Gennes, Scaling concepts in polymer physics (Cornell university press, 1979).
[37] T. Sakaue, Physical review letters 106, 167802 (2011).
[38] A. Rosa and R. Everaers, Physical review letters 112, 118302 (2014).
[39] P. Virnau, Y. Kantor, and M. Kardar, Journal of the American Chemical Society 127, 15102 (2005).
[40] M. V. Imakaev, K. M. Tchourine, S. K. Nechaev, and L. A. Mirny, Soft matter 11, 665 (2015).
[41] A. L. Sanborn, S. S. Rao, S.-C. Huang, N. C. Durand, M. H. Huntley, A. I. Jewett, I. D. Bochkov, D. Chinnappan, A. Cutkosky, J. Li,
and et al., Proceedings of the National Academy of Sciences 112, E6456 (2015).
[42] D. Sinha and M. A. Shogren-Knaak, Journal of Biological Chemistry , 16572 (2010).
[43] K. Nasmyth, Annual review of genetics 35, 673 (2001).
[44] G. Fudenberg, M. Imakaev, C. Lu, A. Goloborodko, N. Abdennur, and L. A. Mirny, Cell reports 15, 2038 (2016).
[45] C. Münkel, R. Eils, S. Dietzel, D. Zink, C. Mehring, G. Wedemann, T. Cremer, and J. Langowski, Journal of molecular biology 285,
1053 (1999).
[46] S. M. Gasser, Science 296, 1412 (2002).
[47] S. C. Elgin, Current Opinion in Genetics & Development 6, 193 (1996).
[48] S. V. Ulianov, S. A. Doronin, E. E. Khrameeva, P. I. Kos, A. V. Luzhin, S. S. Starikov, A. A. Galitsyna, V. V. Nenasheva, A. A. Ilyin,
I. M. Flyamer, et al., Nature communications 10, 1176 (2019).
11
VII. SUPPORTING INFORMATION
A. Calculation of P(s) and R(s)
To calculate P(s) we counted Ni - the number of beads, which have less distance to the i-th bead, than cutoff radius = 1.5, and
then averaged Ni over all measurements in a chain:
P(s) =
1
N− s
N−s
∑
i=1
Ni(t0) (Eq. S1)
In R(s) we calculated average spatial distance between beads, separated by s beads along the chain.
R(s) =
1
N− s
N−s
∑
i=1
((xi(t0)−
− xi+s(t0))2+(yi(t0)− yi+s(t0))2+
+(zi(t0)− zi+s(t0))2)1/2
(Eq. S2)
B. Procedure of MSD(t) calculation
We calculated MSD(t) according to the following procedure. Using the annealed structure as the initial structure, we continued
the simulations, and structures were generated every ∆t DPD time steps. However, we chose two different time steps: ∆t1 = 10
DPD time steps and ∆t2 = 2× 104 DPD time steps. Simulations, where structures were generated every ∆t1 DPD time steps,
were performed during T1 = 2× 104 DPD time steps, and, where structures were generated every ∆t2 DPD time steps, were
performed during T2 = 4× 107 DPD time steps. This was done for computational efficiency: we needed to measure MSD(t)
in a very broad time range t ∈ [10,4× 107], and if we give out structures with one time step ∆t = 10, it would not be possible
to measure MSD(t) in a reasonable time due to extraordinarily large number of structures to analyze. Therefore, we "split" the
time range into two parts, and gave out structures with two different time steps. We ensured the correctness of such approach
by calculating MSD(t = 2×104) and verifying, that both dependencies give the same value and the standard deviation of mean
squared displacement.
The program analyzed n-th pair of structures, separated by t = n∆tk, (k = 1,2) DPD time steps from each other, counting
MSDn(t): the average squared displacement of beads in the given pair of structures. We also distracted displacement of the
center of mass of the chain (COM) from displacements of beads. Then program analyzed next pair of structures, separated by t
DPD time steps from each other, and calculated MSDn+1(t) etc. MSD(t) was calculated as the average over all MSDn(t) values.
Standard deviation of MSD(t) was calculated as the standard deviation in the set of MSDn(t) values. Exact equation for MSD(t)
calculation is given in Equation Eq. S3.
MSD(t, t < Tk− t0) = 1N
∆tk
Tk− (t+ t0)
(Tk−(t+t0))/∆tk
∑
n=0
N
∑
i=1
((xi(t+ t0+n∆tk)−
− xCOM(t+ t0+n∆tk))− (xi(t0+n∆tk)− xCOM(t0+n∆tk))2+
+((yi(t+ t0+n∆tk)− yCOM(t+ t0+n∆tk))− (yi(t0+n∆tk)−
− yCOM(t0+n∆tk))2+
+((zi(t+ t0+n∆tk)− zCOM(t+ t0+n∆tk))− (zi(t0+n∆tk)−
− zCOM(t0+n∆tk))2,k = 1,2
(Eq. S3)
C. Bond formation/breaking algorithm
In this section we describe in detail, how formation and breaking of pairwise reversible bonds is realized in our simulations.
Every Nst p = 200 DPD time steps program chooses an i-th bead, and forms a list of beads, which are spatially closer to the
chosen i-th bead, than cutoff radius Rc = 1.0. Then this list is sorted by spatial distance to the i-th bead (beads, which are the
closest to the chosen bead, are on the top of the list). Then, starting from the top of the list, we pick a j-th bead, and it can form
a bond with the i-th bead with probability of bond formation, which is set constant in the simulation (if the bead on the k-th
12
position in the list does not form a bond, the bead on the k+1-st position is checked, etc, until the end of the list). Therefore, our
algorithm of bond formation favors bond formation of the spatially closest beads to the chosen one. Formed bond is identical
to the backbone bonds of the chain. Then program iterates over all i-th beads until the end of the chain. If the chosen i-th bead
already forms a bond, it can break the bond with probability of breaking a bond β , which is set constant during the simulation
as well.
To study non-equilibrium properties of the chain, we needed to forbid self-intersections of the chain. To do so, we set large
bond stiffness constant K = 150.0, repulsion parameters, and small equilibrium bond length, which was equal to 0.6 in all our
simulations. By choosing these parameters we guaranteed the absence of self-intersections [35], but broke detailed balance
(Figure S7). Therefore, there is unequal probability distributions of finding two beads at a distance ri j at the moment of bond
formation/breaking (Fig. S7). This effect leads to energy gain and dissipation during bond formation/breaking process. However,
dissipative and random forces acting between beads act as a thermostat in DPD [34]. Hence, if simulation parameters are chosen
correctly, local gain and dissipation of energy after bond formation/breaking can be compensated by dissipative and random
forces from surrounding beads. To ensure this compensation, we have chosen integration time step δ t = 0.02 and noise level
σ = 3. If these parameters are chosen, the relaxation time of exponential decrease of temperature from kBT = 10 to kBT = 1 is
around 10 DPD time steps [34]. In our study, minimal bond lifetime is 5× 104 DPD time steps, so there is a strong evidence
towards insufficiency of the effect of energy gain and dissipation during bond formation/breaking.
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FIG. S7: Probability distributions of distance between centers of beads in the moment of bond breaking (red) and bond
formation (blue). Samples consist of 96514 distances for each histogram, data is normalized.
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D. Procedure of globule equilibration in SPS
In our work, we studied conformational properties of equilibrium globule as a reference state. As we mentioned in the paper,
we obtained stable transient state, similar to crumpled globule, during both types of coil-globule transition: in a poor solvent
and induced by pairwise reversible bonds. To obtain equilibrium globule, we used crumpled globule state, formed in a weak
poor solvent (χ ≈ 1.5, SPS), after t = 8× 107 DPD time steps, as initial structure. The crumpled globule state is stabilized by
topological interactions, therefore, we needed to facilitate self-intersections of the chain to obtain Gaussian globule. To do so,
we set monomer-monomer and solvent-solvent repulsion parameters aii (i= 1,2) equal to 25.0, and monomer-solvent repulsion
was equal to a12 = a21 = 29.5. Since χ value is determined from difference between ai j and aii (if aii = a j j and, ai j = a ji) [34],
we conserved the solvent quality, but significantly reduced overall repulsion between polymer beads, therefore, facilitating self-
intersections of the chain. We also reduced bond stiffness parameter from K = 150.0 to K = 4.0, and increased integration time
step to δ t = 0.04. Therefore, as previously described in Ref. [21], we allowed chain to self-intersect, and conserved temperature
kBT = 1 in the NVT-ensemble. We performed simulation with these parameters for t = 5× 107 DPD time steps. Then we
changed simulation parameters to the initial values, described in Methods for SPS, and performed simulations for t = 2× 107
DPD time steps.
E. Additional plots
In this section, we provide additional dependencies, supporting the information in the paper.
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FIG. S8: αL and αG values (exponents of R(s) dependencies on the "local" and "global" scale shown in black and red,
respectively) for System in a Poor Solvent (SPS) in a weak poor solvent (χ ≈ 1.5, Figure a), for System with Pairwise Bonds
(SPB) with maximal fraction of bonds f ≈ 1, bond lifetime is τ = 5×105 steps (Figure b), and for SPB with fraction of bonds
f ≈ 0.55 (Figure c), depending on the time passed since simulation started. It should be taken into account, however, that
fraction of bonds f ≈ 0.55 is reached only after t = 2×106 DPD time steps (Figure c), on the shorter time scale fraction of
bonds was constantly increasing (Figure S10b).
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FIG. S9: Dependency of the radius of gyration of the chain (N = 2×104) on the fraction of bonds with lifetime equal to
τ = 5×104. Coil-globule transition occurs at f ≈ 0.3. Compact conformations are obtained if f ≈ 0.5 and larger.
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FIG. S10: Time dependencies of fraction of bonds in the SPB, bond lifetime is equal to τ = 5×104 steps. Bond formation
started after Nst p = 200 DPD time steps passed in every simulation. a) Probability of reversible bond formation is 1.0. As a
result, fraction of bonds quickly stabilizes at value f ≈ 1. b) Probability of reversible bond formation is 0.001, therefore,
fraction of bonds reaches the stable value f ≈ 0.55 relatively slowly.
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FIG. S11: The figure shows the experimental contact probability dependencies for different species and cell lines. Blue dashed
line corresponds to the equilibrium Gaussian globule and red dashed line corresponds to the fractal globule. Well-known
dependence of the contact probability on genomic distance P(s) ∝ s−1 for Homo sapiens actually is not strictly enforced. For
example, contact probability depends on considering scales and it works for another biological species as well. Moreover,
scalings for different cell lines of the same species could significantly differ from each other on the same scale. Apparently
minor protocol changes in Hi-C experiment, different equipment and different data processing have a significant impact on the
final results. To plot this figure we used publicly available Hi-C datasets re-analyzed with distiller software with standard
parameters (https://github.com/mirnylab/distiller-nf). All replicates, if available, were merged together. The data for Homo
sapiens was retrieved for: K562 cell line (GEO ID GSE63525, https://www.ncbi.nlm.nih.gov/pubmed/25497547), A549
GSE105600, https://www.ncbi.nlm.nih.gov/pubmed/22955616, HEpG2 GSE105381,
https://www.ncbi.nlm.nih.gov/pubmed/22955616; Drosophila melanogaster cell lines Kc167, Dm3, OSC, S8: GSE69013
https://www.ncbi.nlm.nih.gov/pubmed/26518482; Danio rerio embryos GSE105013
https://www.ncbi.nlm.nih.gov/pubmed/29972771; Mus musculus data from GSE96611
https://www.ncbi.nlm.nih.gov/pubmed/29335546 and from GSE96107 https://www.ncbi.nlm.nih.gov/pubmed/29053968.
This analysis was performed by Alexandra Galitsyna.
